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Abstract

Plate anchors are an attractive technology for mooring floating facilities as relative to piles,
suction caissons and drag anchors they provide a much higher capacity relative to their mass.
Plate anchors may experience an extreme loading event that will cause geotechnical failure,
although they will still retain a residual capacity. The displacement associated with bringing
the anchor to failure will induce excess pore pressures that initially reduce soil strength, but
will dissipate over time, leading to regains in soil strength and hence anchor capacity. This
paper considers the time scales and magnitude of this anchor capacity regain through a series
of model scale experiments conducted in a geotechnical centrifuge. The experiments involved
vertical loading of pre-embedded horizontally orientated circular anchors in normally
consolidated kaolin clay. The results show that anchor capacity regain is a function of
consolidation time and the level of resistance maintained on the anchor, with the longest
consolidation time and highest maintained resistance leading to a capacity regain of
approximately 60%. These capacity increases are described here using a simple hyperbolic
function, which provides a basis for estimating the time needed for the residual anchor capacity

to regain sufficient capacity following a movement event.

Keywords: Plate anchors, clay, centrifuge modelling, consolidation, offshore geotechnics, pore

pressure, soil-structure interactions, softening.

1. INTRODUCTION

Floating energy production facilities experience environmental loading from the action of wind,
waves and currents that is transmitted via the mooring lines to anchors in the seabed. As
summarised in O’Loughlin et al. (2017), offshore anchors can be broadly categorised as either
piles or plates, although gravity anchors (dead weights on the sea floor) are also considered for

lower mooring line loads in shallow water. Pile anchors are slender steel tubes that are installed
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by pile hammers (driven piles), pumping water from within the pile interior (suction
caissons/piles), or by free-fall through the water column (dynamically installed piles). As shown
in Figure 1, plate anchors are steel bearing plates that are installed either by dragging along the
seabed (drag anchors), or by a retrievable follower, e.g. suction embedded plate anchors
(SEPLAs, Wilde et al. 2001). SEPLASs (and other types of follower-embedded plate anchors)
are installed at a controlled spatial location and to a known depth, which removes much of the
uncertainty on soil strength — and hence anchor capacity — associated with drag-embedded plate
anchors. As demonstrated in O’Loughlin et al. (2015), plate anchors are up to five times more
efficient at resisting load than piles as they mobilise the soil in bearing rather than friction.
These benefits present a compelling case for adopting plate anchors as an alternative to the

more established pile anchor technology.

Plate anchors are typically designed to withstand a mooring line tension for a sea state with a
return period of 100 years for offshore oil and gas facilities (DNV-OS-E301), and 50 years for
offshore floating wind facilities (DNV-ST-0119), with different partial factors applied to the
mooring line load depending on the loading conditions considered (DNV-RP-E302; Zhang et
al. 2022). There is a growing body of work for various types of seabed infrastructure that shows
geotechnical capacity increases over the design life, associated with consolidation-induced soil
strength increases (Cocjin et al. 2014; White et al. 2017; Yuan et al. 2017; Zhou et al. 2020a),
including work on plate anchors (e.g. Wong et al. 2012; Chen 2017; Zhou et al. 2020b). In some
of these examples the foundation or infrastructure fails (from a geotechnical perspective; i.e.
the maximum geotechnical capacity is exceeded), but retains a post-failure capacity that

increases with time due to consolidation.

Should a plate anchor fail under an extreme loading condition, the anchor position and hence
the local soil strength after the anchor has come to rest is of interest, as this controls the residual
anchor capacity. The local strength will also be reduced initially due to the strain softening
associated with the anchor movement during failure, but this will recover with time as the
associated excess pore pressures dissipate. Hence, consideration of such events for an anchor
requires an assessment of both the residual anchor capacity and its regain with time. This paper
considers this problem through a series of experiments in which a plate anchor is moved through
large displacements in a normally consolidated clay and the subsequent capacity measured after

a period of time.
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2. EXPERIMENTAL ARRANGEMENTS AND PROCEDURES

The experiments were performed in the 3.6 m diameter beam centrifuge at the National
Geotechnical Centrifuge Facility, University of Western Australia, and involved vertical
loading of horizontally orientated circular plate anchors that were pre-embedded in normally
consolidated kaolin clay. The simplification of pre-embedding the anchor permits an
assessment of anchor behaviour without consideration of installation effects. In addition,
adopting a circular plate geometry allowed the results to be considered within the context of a
broader database of experimental and numerical data for circular plates (e.g. Martin and
Randolph, 2001; Zhou et al. 2020b). The tests involved an initial monotonic loading phase to
establish the unconsolidated (large displacement) undrained anchor capacity, followed by a
pause period that allowed for dissipation of excess pore pressures and a second monotonic

loading phase to quantify the gain in anchor capacity due to consolidation in the pause period.
2.1 Model anchors and instrumentation

The experiments utilised circular model anchors with a diameter, D = 40 mm and a thickness
of 6 mm fabricated from either stainless steel or aluminium (see Figure 2). The anchor thickness
was selected to accommodate a pore pressure transducer (with a measurement range of 400
kPa) in the centre of the top face of the anchor plate. The anchors were loaded by an actuator
that was positioned such that the vertical axis of the actuator could reach a loading ‘cap’ that
connected to the anchor via two 3 mm diameter stainless steel rods as shown in Figure 2. Anchor
resistance was measured above the soil surface using a load cell (with a measurement range of

1 kN) located on the vertical axis of the actuator.
2.2 Sample preparation and characterization

The tests were conducted in a sample container (or ‘strongbox’) measuring 650 x 390 x 325
mm (length x width x depth) long using normally consolidated (Eckaolite) kaolin clay (with
properties given in Table 1). Two-way drainage in the clay was facilitated by providing a
hydraulic connection between a 10 mm base drainage layer of sand to the free water above the
clay. The clay was mixed as a slurry in a vacuum mixer at a slurry with moisture content of
210% (equivalent to 2.85 times the liquid limit, 2.85wy 1) for 24 hours before transferring to the
strongbox. A 10 mm deep level clay layer was placed at the base of the strongbox before
addition of the slurry or the anchors. This was designed to be of sufficient strength to support

the anchors (see Figure 3a) and was prepared in a consolidometer under a final vertical stress
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level of 30 kPa. The anchors were located as per the arrangement shown in Figure 3b and
additional slurry added before transferring the sample to the centrifuge, where it was
consolidated at the (anchor) testing acceleration level of 50g for 5 days, with additional slurry

added after 18 hours to achieve a final sample height of ~ 210 mm (see Figure 3c).

During consolidation the anchor was free to move vertically with the settlement of the lower
layer of preconsolidated clay, noting that this layer re-established a normally consolidated state
in flight as the vertical effective stress due to the overlying clay was approximately 44 kPa (at
50g), i.e. greater than the 30 kPa preconsolidation stress. Lateral anchor movement was
prevented by plastic ties that maintained the verticality of the anchor rods and their position

within slots in the crossbeams that spanned the width of the strongbox (see Figure 3b).

After consolidation was considered essentially complete (as assessed from free-field pore
pressure measurements within the sample) T-bar penetrometer tests (Stewart & Randolph,
1991) were undertaken to quantify the intact and remoulded undrained shear strength, s,; and
Sur, using a model scale T-bar penetrometer with a diameter of 5 mm and a length of 20 mm.
The T-bar was advanced at a velocity, v = 2 mm/s, such that the dimensionless velocity, V' =
vd/c, = 52 (where d = 5 mm and the coefficient of vertical consolidation, ¢, = 6.1 m?/year,
taken at a stress level equivalent to that at the mid-depth of the sample), such that the response
can be considered undrained (House et al. 2001). Depth profiles of s, are provided in Figure 4a,
where s, was determined from the measured penetration resistance using a T-bar factor, Nr.pa,

=10.5 (Martin and Randolph, 2006).

T-bar tests were conducted over the 15-day duration of the anchor tests, and indicate that the
sample strengthened slightly from an undrained shear strength ratio, s,/c',o = 0.22 to 0.25 over
the course of the testing. Cyclic remoulding stages were included in each T-bar test, where the
T-bar was displaced vertically by £30 mm (i.e. 6 T-bar diameters, 6d) for 20 cycles. The
degradation in soil strength with cycle number is shown in Figure 4b and indicates a soil
sensitivity (based on penetration resistance) in the range S; = 2.5 to 2.7. Also shown in Figure
4b is the strength degradation exponential decay model of Einav and Randolph (2005), but
where the initial cycle number is defined as N = 0.25 (Randolph et al. 2007), for deducting

degradation parameters from cyclic penetration tests:

0.25
Su,N ))

(—=3(N—7—
- 6rem +(1 - 6rem)e ( s

(1)

S u,i

where s, x 1s the undrained shear strength at cycle number, N; s, ; in the intact undrained shear

strength measured during the initial pass of the T-bar (at N = 0.25, J.p, is the ratio of the fully
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remoulded undrained strength to the initial undrained shear strength (i.e. O, = 1/5;) and Nos is
the number of cycles required for 95% reduction in su from the intact to the remoulded
condition. The best agreement with the measured T-bar response is obtained using 0, = 0.37

and N95 =35.5.

In addition to these standard T-bar tests, a series of T-bar tests involving fixed position pauses
during penetration were undertaken to provide a basis for understanding soil strength changes
due to consolidation. Figure 4a also includes selected results from these T-bar tests, with the
localised soil strengths indicated by the post-pause (20 to 60%) increases in penetration
resistance. These results are discussed later in the paper given the relevance of this data to the

anchor response.
2.3 Experimental arrangement and procedures

Figure 5 shows the experimental arrangement. The anchors were located at an embedment depth
of approximately 190 mm (4.75D) with a minimum clear distance between anchors of 97 mm
(2.4D) and to strongbox walls of 90 mm (2.25D). This lateral spacing exceeds the lateral extent
for a localised failure mechanism (a maximum of 0.37D beyond the edge of the plate, Martin
and Randolph, 2001), such that interaction and boundary effects may be considered negligible.
The rigid base was initially 20 mm (0.5D) from the underside of the anchor, although this
reduced to between 4 and 11 mm due to the additional settlement caused by consolidation in
the centrifuge. The close proximity of the rigid base is likely to introduce a mechanism
constraint during the initial capacity mobilisation stage, but is not considered to affect the steady
state anchor resistance or the capacity response after consolidation, as the anchor was displaced

vertically by one anchor diameter before pausing for consolidation.

As noted earlier, each anchor test involved an initial phase of monotonic loading followed by a
consolidation stage and a final monotonic loading phase. Both monotonic phases involved
operating the actuator in displacement control at a penetration velocity, v = 0.75 mm/s, such
that V' = vD/c,= 139 (adopting ¢, = 6.8 m?/year taken at the initial vertical effective stress level
at the anchor test depth). This dimensionless velocity exceeds the threshold V=30 for undrained
behaviour suggested by numerous experimental studies on different penetrometer and
foundation geometries (e.g. House et al. 2001; Erbrich, 2005; Lee and Randolph, 2011; Chow
et al., 2020a; Chow et al., 2020b; Wroth et al., 2022; Roy et al., 2022). The initial monotonic
loading involved a vertical movement of 40 mm (i.e. one anchor diameter), such that the anchor

embedment depth after this movement was 3.75D, sufficient for the plate to be considered deep
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(from a capacity mobilisation perspective) (e.g. Wang et al., 2010; Yu et al., 2011; Wang and
O'Loughlin, 2014 and O’Loughlin et al., 2017). In the second monotonic loading stage, the
anchor was moved through a distance that was sufficient to observe the post-consolidated peak
anchor resistance (typically 20 mm, 0.5D). The consolidation stage involved either maintaining
the anchor embedment depth (achieved by locking the actuator in position) or by applying an
upward anchor loading equal to approximately 20% of that measured at the end of the initial
monotonic loading (which required that the actuator was operated in load control). The anchor

test programme is summarised in Table 2.
3. RESULTS AND DISCUSSION
3.1 Undrained-unconsolidated capacity

The responses measured during the initial monotonic loading stage are provided in Figure 6.
The data are presented as Guu/s}, where quu 1s the net undrained unconsolidated anchor
resistance, calculated as the net anchor load (i.e. the measured load minus the estimated friction
from the rods and the submerged weight of the anchor/rod system) divided by the projected
anchor area (A = mD?/4), and s, is the initial undrained shear strength at the depth of the
instantaneous centre of the anchor adjusted to account for the different strain rates associated
with the anchor movement and the T-bar penetration. This strain rate adjustment was

undertaken using a strain-rate power law (Biscontin and Pestana, 2001):

i )ﬁ 2)

Su = Sure f((v/D)ref
where s, r 15 the reference T-bar strength taken as s, ;, B is a strain rate parameter and v/D and
(v/D),s are assumed to be proportional to the strain rates associated with the anchor and T-bar
movements. As noted earlier, the T-bar and anchor velocities were selected such that the
dimensionless velocity for drainage, V" was approximately the same in each case. This achieves
the same drainage response but results in differing strain rates; v/D = 0.019 s*! for the anchor,
approximately 20 times lower than (v/D),es = 0.4 s7! for the T-bar. Adopting = 0.05 (Wang et
al. 2023) in Eq. 2 results in a 14% reduction in the T-bar measured soil strength, which is used

in the normalisation of the anchor penetration resistance in Figure 6.

Figure 6 shows that anchor resistance rises to a peak value in the range quu/s,; = 14.6 to 18.5
after approximately 2 mm (0.05D) and 3.2 mm (0.08D) of anchor movement. After an anchor

movement of 0.5D to 0.8D , anchor resistance reduces to an average Quu/s} =10.5, identical
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to the Nt = 10.5 used to calculate the initial undrained shear strength from the T-bar
penetrometer resistance, inferring a similar amount of strain softening for the T-bar and the
plate. The reduction to a stabilised 9uu/s,; = 10.5 in each test is due to the strain softening
associated with the vertical anchor movement, and implies that the specific modelling
conditions associated with model construction, spin-up and initial consolidation were erased by

the 1D of vertical movement.
3.2 Consolidated capacity

The response during maintained loading and the subsequent monotonic response are shown in
Figure 7. Anchor resistance, ¢, is normalised by both the initial undrained shear strength at the
current anchor depth (adjusted for strain rate), s,; , (Figure 7a) and by the anchor resistance at
the end of the initial monotonic loading stage, gq,, (Figure 7b). Normalised anchor
displacements, Az/D, are relative to the anchor depth at the beginning of the final monotonic
loading stage. Figures 7a and 7b show results from tests where the anchor load was maintained
for consolidation periods of either 0.15 or 48 hours. The maintained load was either
approximately 25% of that measured at the end of the unconsolidated, undrained event (for Test
1 and 2) or 0 kPa (in Test 3). In each test the anchor moved vertically downwards during the
maintained load phase. As explained in Wang et al. (2023), anchor movement in the initial
monotonic loading causes excess pore pressure development in the soil beneath the anchor.
Over time this soil consolidates, leading to a volume reduction that causes the anchor to move
vertically downwards.. The smaller vertical movement in Test 2 relative to Test 3 (both
maintained for 48 hours) is due to the difference in the magnitude of the maintained anchor
load, with the higher load in Test 2 tending to offset the consolidation-induced settlement. The
lower vertical movement in Test 1 than in Test 2 is consistent with the significantly different
consolidation times in the two tests. The post-consolidation monotonic response indicates
anchor capacity increases (defined as the ratio of the consolidated anchor capacity, g, to the

initial residual anchor capacity, ¢,,) in the range, gc./qu. = 16% to 61%.

Figure 7c and 7d shows equivalent data from tests where the anchor position was fixed for
consolidation periods in the range 0.375 to 48 hours (during which the mobilised soil resistance
reduced). Consistent with the load-controlled consolidation results on Figure 7a and 7b, the
increase in anchor capacity is higher for longer consolidation periods, with increases in the

range qeu/quu = 30% to 63%. In all tests (fixed position and maintained load) anchor capacity

8
© The Author(s) or their Institution(s)

Page 8 of 29



Page 9 of 29

iffer from the final official version of record.

Can. Geatech. J. Downloaded from cdnsciencepub.com by NORWEGIAN GEOTECHNICAL INST ITLé_TE (NGI) on 03/21/23

For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may

Canadian Geotechnical Journal (Author Accepted Manuscript)

reduces with additional displacement, but remains at g/q,,,> 1 even after an additional 0.5D of

anchor displacement.
3.3 Anchor capacity and soil strength gains with time

The complete data set of peak soil resistance versus pause duration is shown in Figure 8 and
includes tests where the anchor resistance was maintained at ¢ = 0.25¢,, and at g = 0 kPa, and
also tests where the anchor position rather than the load was maintained. Figure 8 indicates that
anchor capacity increases with consolidation time, with a maximum increase of approximately
60% relative to the softened unconsolidated anchor capacity. Assuming a typical anchor
capacity factor of N, = 14 is adopted in design (for a circular plate, e.g. see Wang and
O’Loughlin, 2014), the dimensionless time required for anchor capacity factor to return to the
design value (i.e. to mobilise a consolidation-induced capacity increase of 14/10.5 = 1.33) is
around 7' = 0.3. This corresponds to a time of approximately 0.1 to 1 years for an anchor with
a diameter of about 4.4 m in clay with a range of ¢, values from 1 to 10 m*/yr. However,
consideration also needs to be given to the initial undrained shear strength profile, as vertical

components of anchor displacement is likely to move the anchor into soil with a lower strength.

Also shown on Figure 8 are data from the T-bar tests with consolidation (‘pause’) periods (see
Figure 2a), where the change in T-bar resistance is also expressed as gcu/quu, With gcy
quantifying the consolidated T-bar resistance and g, the initial T-bar resistance. The capacity
increases inferred from the T-bar tests are consistent with those from the anchor tests, with a
maximum increase of approximately 60% in either case, indicating an equivalent amount of
excess pore pressure induced by steady state movement of the anchor and the T-bar. This
suggests that T-bar tests — conducted offline in samples retrieved in the geotechnical
investigation to avoid extending investigation durations and costs — with such pause periods

might offer a site-specific approach to measuring this capacity increase.

The three anchor tests at 7= 21.5 (¢ = 48 hrs) in which either the position was fixed or anchor
resistance was controlled (¢ = 0.25¢,, and g = 0 kPa) all show different post consolidated
capacities. In the fixed position test the mobilised soil resistance varied with time (as explained
further in Wang et al. 2023), but was on average equal to approximately 0.75¢,,. The post-
consolidated anchor capacity increases (relative to the unconsolidated anchor capacity, ¢g,,) by
approximately 30% in the test where ¢ = 0 kPa was maintained, but by approximately 61% in
the test where g = 0.25¢,,, was maintained, and by approximately 63% in the fixed displacement

test. Hence, the post consolidated anchor capacity is controlled not only by the excess pore

9
© The Author(s) or their Institution(s)



iffer from the final official version of record.

Can. Geatech. J. Downloaded from cdnsciencepub.com by NORWEGIAN GEOTECHNICAL INST ITLé_TE (NGI) on 03/21/23
ay

For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It m

Canadian Geotechnical Journal (Author Accepted Manuscript)

pressure generated during undrained shearing, but also by the total stress applied during the

maintained loading phase.

The degree of consolidation can be approximated from both the anchor and T-bar data by

expressing the increase in anchor capacity or T-bar resistance as a ratio of the maximum change:

U — 9cu — quu (5)

qc,u,max - qu.u

where gcymax 18 the maximum consolidated anchor capacity and the maximum consolidated
undrained T-bar resistance. As noted by Randolph (2003), the assumption that capacity and
strength changes are proportional to the degree of consolidation (i.e. Equation 5) ignores other
effects that take place as the soil strength or anchor capacity is mobilised. However, as this
approach has been used successfully for dynamically installed anchors (Richardson et al. 2009)
and suction caissons (Jeanjean 20006), its use here is considered reasonable. The degree of
consolidation for the anchor and T-bar data are shown on Figure 9 together with the Osman &
Randolph (2012) analytical solution for a deeply buried cylinder, which is approximated here
by the following hyperbolic function, often used to describe consolidation responses (e.g.
Gourvenec et al. 2014; Feng & Gourvenec 2015):

U=1-— (6)

1+ (T/TSO)

where T is the dimensionless time associated with 50% consolidation (i.e. U = 0.5) and the
exponent, m, controls the steepness of the ‘backbone’ consolidation curve. Equation 6 provides
best agreement with the Osman and Randolph (2012) solution using 750 = 1.4 and m = 0.68.
The T-bar data are seen to agree well with the Osman and Randolph (2012) solution, although
a slightly improved match is obtained using 75 = 1.0 and m = 0.9. The T-bar data are evidently
offset from the anchor data, with Equation 6 providing a good match using 75, = 0.3 and (the
same) m = 0.9. The lower Ts, for the anchor data is consistent with the faster consolidation
expected for the three-dimensional consolidation around a circular plate. The reduction in 75
(between the T-bar and anchor data) is by a factor of 3.3, broadly consistent (albeit slightly
lower) than the ~5 fold reduction between circular and strip shallow foundations deduced from
numerical analyses (Gourvenec et al. 2014), which may be due to the different geometry of the
T-bar compared to the strip foundation (in elevation view). The different 75, and m values for
the T-bar and plate data indicate that adjustments to 75, = 1.4 and m = 0.68 may be required for
other anchor geometries. Additional data for other plate anchor geometries in different soils

would provide further certainty in this regard.
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Figure 9 suggests 75y ~ 0.3 based on anchor capacity changes, whereas anchor pore pressure
dissipation data measured at the anchor face shown on Figure 10 (for two 48 hour tests)
indicates 75y ~ 0.05, i.e. approximately six times faster. However, as shown experimentally in
Wang et al. (2023) and numerically by Gourvenec and Randolph (2009) the far-field

consolidation, which governs anchor capacity changes, progresses slower.
4. CONCLUDING REMARKS

This paper describes a set of centrifuge model-scale experiments on pre-embedded circular
plate anchors in normally consolidated clay that quantify anchor capacity recovery due to
consolidation after a large anchor movement. These tests consider the scenario in which anchor
failure has occurred, for which it is important to understand how the magnitude of the residual

anchor capacity changes over time.

The data show anchor capacity increases of up to about 60%, which for the kaolin clay
investigated here, are sufficient to more than compensate for the capacity reduction associated
with strain-softening. Capacity regains are shown to be controlled not only by the duration of
consolidation, but also by the level of soil resistance maintained on the anchor during
consolidation. This is because the maintained anchor loads add a total-stress induced pore
pressure component (to the shear-induced pore pressures developed during the initial anchor
movement), which results in a higher effective stress and hence increased soil strength after

consolidation.

The time dependence of the anchor (and T-bar) strength gains observed in the experiments was
shown to be described well by a simple hyperbolic consolidation equation. Furthermore, the
amount of soil strength increase after full reconsolidation generated in the anchor tests was
almost identical to the increase obtained during T-bar tests in which the T-bar was held in a
fixed position to allow consolidation and then moved downwards. This suggests that such tests
could potentially provide a means for making site-specific measurement of such capacity
increases, thereby allowing both the magnitude and duration of anchor strength changes to be

quantified.
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6. NOTATION

Cy

o

N- T-bar
Nos

WpL

Guu
dcu

qc,u,max

Su,c

Su,i

coefficient of vertical consolidation

T-bar diameter

plate diameter

specific gravity

liquid limit

parameter for dissipation rate

cycle number

anchor capacity factor

T-bar factor

95% reduction in operative strength from the intact to remoulded condition
plastic limit

anchor resistance

undrained unconsolidated anchor resistance
consolidated undrained anchor resistance
maximum consolidated anchor capacity
undrained shear strength

strain rate adjusted initial undrained strength
consolidated undrained soil strength

initial undrained shear strength measured during the initial pass of the T-bar

(at N=0.25)
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Suemax Maximum consolidated undrained shear strength
syn undrained shear strength at cycle number, N
suref reference T-bar strength (taken as s, ;)
S; soil sensitivity
t time
T dimensionless time

Tso dimensionless time associated with 50% consolidation

iffer from the final official version of record.

U, €XCcess pore pressure
u.;i 1nitial excess pore pressure
U degree of consolidation
v penetration velocity
V' dimensionless velocity
Az anchor displacement
z depth
B strain rate parameter
Y effective unit weight of soil
O;em fully remoulded strength ratio
k gradient of unload-reload line (URL)
A gradient of normal compression line (NCL)
oyo Initial vertical effective stress
Oveqm €quilibrium vertical effective stress

¢, coefficient of vertical consolidation
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d T-bar diameter
d. equivalent diameter (T-bar)

D plate diameter
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Guu

dcu

qc,u,max

Su
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specific gravity

liquid limit

parameter for dissipation rate

cycle number

anchor capacity factor

T-bar factor

95% reduction in operative strength from the intact to remoulded condition
plastic limit

anchor resistance

undrained unconsolidated anchor resistance
consolidated undrained anchor resistance
maximum consolidated anchor capacity
undrained shear strength

strain rate adjusted initial undrained strength
consolidated undrained soil strength

initial undrained shear strength measured during the initial pass of the T-bar

(at N=0.25)

maximum consolidated undrained shear strength
undrained shear strength at cycle number, N

reference T-bar strength (taken as s, ;)

remoulded undrained shear strength

soil sensitivity

time

dimensionless time

dimensionless time associated with 50% consolidation

€XCECSS pore pressure
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u.;i 1nitial excess pore pressure
U degree of consolidation
v penetration velocity

V' dimensionless velocity
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11. TABLE CAPTIONS

Table 1 Geotechnical properties of Eckaolite kaolin clay

Table 2 Test programme
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Figure 1 Offshore anchors and mooring systems
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Figure 7 Anchor capacity increases after consolidation: (a) and (b) tests where the anchor
resistance was fixed during consolidation; (c¢) and (d) tests where the anchor displacement
was fixed during consolidation ((a) and (c) show anchor resistance normalised by
undrained shear strength, whereas (b) and (d) show anchor resistance normalised by that
at the end of the initial monotonic loading).
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Figure 9 Degree of consolidation for anchor and T-bar tests
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Figure 10 Consolidation progression as estimated from anchor capacity data and
measured pore pressure response

Table 1 Geotechnical properties of Eckaolite kaolin clay

Property Value
Liquid limit, wy . (%) 73.7
Plastic limit, wpy (%) 44 4
Specific gravity, G 2.6
Slope of normal consolidation line, A 0.435
Slope of swelling line, 0.044
Coefficient of vertical consolidation, ¢, (m*/year) ! 6.82
Effective unit weight, y' (kN/m?) 3 4.82

I Assessed from one-dimensional consolidometer tests
2 At the initial anchor depth, ', = 40 kPa
3 Assessed from moisture content determinations made on a sample core taken after the anchor tests.
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Table 2 Test programme

Initial monotonic loading

Consolidation stage

Post-consolidation monotonic loading

Dimensionless anchor

resistance
Test : i

Displacement, A | Penetration o Dimensionless Penetration Initial After

) Consolidation . Displacement, Az . ’ lidati

7 velocity, v Control q time, velocity, v consolidation,

uration, t mm Quu/s * *

(mm) (mm/s) T = e t/D> (mm) (mm/s) u/s; den/s,;
1 Fixed 550s 0.07 10.54 12.33

resistance,
2 ¢ =0.25qu 48 hrs 21.71 10.42 16.84
Fixed
3 resistance, 48 hrs 21.71 10.44 13.57
q=0kPa
40 0.75 20 0.75
4 1350 s 0.176 10.50 13.62
5 2300 s 0.32 10.50 13.83
6 Fixed position 3 hrs 1.41 10.63 15.88
7 17 hrs 7.55 10.49 16.85
8 48 hrs 21.71 10.49 17.10
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